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[57] ABSTRACT

A new differential ladder/comparator circuit reduces settling
time delays in parallel analog to digital converters. A parallel
analog-to-digital converter (ADC) includes a pair of differ-
ential resistor ladders having their taps connected to a group
of comparators. The comparators produce digital “thermom-
eter” scale outputs corresponding to analog signals
impressed upon the differential ladders. By employing
double-value resistors to form the “rungs” of the ladders and
by connecting the comparators to the ladder taps in a way
that increases the number of comparator inputs connected to
the ladders’ lower-order taps and decreases the number of
comparator inputs connected to the ladders’ higher order
taps, the input impedance presented by the ladder/
comparator combination is reduced In comparison with
conventional differential ladder parallel ADCs. Additionally.
input signals are superimposed upon the ladders by drivers
which, in a preferred embodiment. present lower output
impedances to the ladders than prior art drivers, further
improving the bandwidth of the ADC.

18 Claims, 7 Drawing Sheets
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HIGH BANDWIDTH PARALLEL ANALOG-
TO-DIGITAL CONVERTER

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to analog-to-digital converters
(ADCs) and, in particular, to integrated circuit parallel
ADCs.

2. Description of the Related Art

Analog to digital converters are widely used at the inter-
face between analog and digital systems. For example,
analog audio signals in a recording studio are converted to
digital format for recording in a compact disk, digital audio
tape or other digital medium. Audio recording applications,
because of their wide dynamic range and low frequency
(humans generally don’t hear signals beyond 20 KHz),
require relatively high resolution but low bandwidth. Other
application areas. such as video, require much higher speed
conversion. A relatively simple ADC architecture, fully
parallel, or “flash”, provides the highest conversion speed of
any ADC.

FIG. 1 illustrates the basic components of a conventional
flash ADC. A bank of comparators 10 is connected to receive
an analog signal from an analog input 12. The signal is
distributed to the noninverting input of each comparator
within the comparator bank 10. A resistor ladder 14, con-
nected between voltage references +Vref and —Vref provides
reference signals to each comparator’s inverting input. The
“rungs” of the resistor ladder are equal-valued resistors
which. due to their equal values, provide equal voltage
“steps” for comparison with the analog input voltage by the
comparators 19.

An analog input signal that exceeds the voltage at the
bottom of the resistance ladder, i.e., that at tap 1, will trip the
bottom-most comparator COMP1. An analog input signal
that exceeds the voltage at tap 2 will trip both comparators
comp 1 and comp 2, one that exceeds the voltage at tap 3
will trip comparator 3, and s0 on.

This comparison process yields what is sometimes
referred to as a “thermometer”, or “thermometer scale”
output at the outputs of the comparator bank. It would be
impractical to leave the output in this “thermometer format;
a 20-bit ADC such as may be employed in audio applications
would require 1,048,576 outputs to represent all the com-

parator outputs. Therefore a priority encoder 16 is employed
to encode the thermometer output into digital values and to

latch the digital output using a strobe, labeled STROBE.
Any one of several encoding schemes may be used, includ-
ing offset binary, 2’s complement, sign maghitude, Gray
code and binary-coded-decimal (BCD).

The great advantage of a flash converter, such as the one
just described. is that the only delays encountered in the
conversion process are those attributable to the ladder/
comparator stage and the encoder. The major disadvantage
is the great number of resistors and comparators required for
conversion. Not only does the enormous number of resistors
and comparators required for a flash converter consume
valuable “chip real estate”, it is difficult to produce the
low-valued resistors required for a monolithic flash con-
verter while maintaining the resistor-matching characteris-
tics required for accurate performance.

The basic parallel ADC architecture just described is
employed as a component in a number of other types of

ADCs including subranging, successive approximation, etc.
Flash ADCs and subranging ADCs are discussed in Paul
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Horowitz, Winfield Hill, The Art of Electronics. Cambridge
University Press, New York, 1989, pages 621 and 622. For
example, a flash ADC is employed in the somewhat slower
subranging ADC illustrated in FIG. 2. An analog signal 1s
introduced to the ADC’s track and hold 18, which basically
“takes a snapshot” of the analog input signal which may be
varying rapidly. An N-bit flash converter 20 and a summing
amplifier 23 are connected to receive the analog signal held
by the track and hold. The N-bit flash converter 20 converts

the analog input from the track and hold 18 in the manner
just described in relation to FIG. 1.

The N-bit (encoded) digital value at the output of the ADC
20 comprise the N most significant bits of the ZN-bit
subranging converter. The N-bit output is connected to a
digital to analog converter (DAC) 22 which provides greater
than 2N bits of accuracy. The analog output from the DAC
is subtracted from the original signal, and the remainder, or
residue, is amplified and applied to another N-bit flash ADC
24. The converter 24 provides the lowest N significant bits
of the overall ADC output. Rather than employ an additional
ADC 24, the residue may be fed back to the ADC 20.
Additionally, the ADCs 20 and 24 needn’t have the same
resolution.

Parallel ADCs are sometimes implemented using the
differential ladder structure of FIG. 3. A signal conversion
circuit 26 converts a single-ended analog input signal Vin
into differential signals, Vin and Vin, having the same and
opposite polarities, respectively, as the original signal Vin.
These signals are connected to differential ladders L1 and 1.2
comprising resistors R1-R6 and R7-R12, respectively.
Resistor ladder L1 provides output taps A-G. ladder L2
provides taps G—A. Current sources I1 and I2 draw current
through ladders L1 and L2, respectively. Ladders such as L1
and L2 will be referred to hereinafter as single-valued
ladders. As will be described in greater detail in relation to
FIG. 4, the voltage drop across the entire ladder due to the
current sources determines the input voltage range of a
parallel ADC based upon this differential ladder circuit.
Similarly, the resolution of the ADC is determined by the
voltage drop across each individual resistor in, or rung of,
the ladders L1 and L2. In a first order analysis. the current
sources I1 and I2 are assumed to be ideal current sources and
the outputs Vin and Vin from the conversion circuit 26 are
supplied by ideal voltage sources. Half the ladder taps, those
most directly connected to the conversion circuit 26, will be
referred to hereinafter as the “lower-order taps”. the tap most
directly connected to the conversion circuit will be referred
to as the “lowest-order tap” and the remaining taps will be
referred to as “higher-order taps™.

A bank of comparators 30, comprising comparators
C1-C7, provides a “thermometer” output as described in
relation to FIG. 2. That is. the output ComG from compara-
tor C7 is responsive to the lowest level of analog input signal
that will produce a change in the digital output. while that
ComA from comparator C1, ComA is responsive to the
highest level analog signal that will produce a change in the
digital output. Outputs ComF-ComB from comparators
C6-C2, respectively, form intermediate outputs in increas-
ing order of digital value. Taps from the differential ladders
are connected to corresponding comparators inputs, 1.€., taps
A from L1 and A from L2 are connected to the inputs of
comparator C1, which forms output ComA in response.

The operation of the differential ladder/comparator bank
combination of FIG. 3 will now be explained in greater
detail. with reference to the chart of FIG. 4. It is assumed

that each rung of the ladders. L1 and 1.2, has a voltage drop
of 1V (e.g.. 1 kohm resistor and 1 mA current source),
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vielding a total drop across ecach ladder of 6V and a
resolution of 1V. The voltages, -9V through 3V, listed along
the left-hand side of the chart represent voltages which the
ladder taps of ladders L1 and 1.2 may assume. To the right
of this column of voltages appear seven double-width col-
umns representing the voltages at all the various ladder taps
for each value of input voltage Vin=3V through Vin=-3V.
The value of Vin appears at the top of each column. Below
ecach double-width column is a single column containing the
digital values of the comparator outputs ComA-ComG for
each value of input voltage.

Again, it is assumed that the conversion circuit 26 pro-
vides ideal voltage sources to drive Vin and Vin, and that
current sources I1 and I2 are ideal current sources.
Therefore, whatever signal voltage is presented to the input
of circuit 26 is impressed upon tap A, and the voltage of the
entire ladder L1 is shifted downward by a like amount.
Similarly, the input to the circuit 26 is inverted and
impressed upon tap G of ladder L2 and the voltage of ladder
1.2 is shifted downward by that amount. Given a value of 3V
for Vin, for example, ladder tap A will have a value of 3V,
B will be 2V, C will be 1V, etc. and ladder tap G will equal
-3v, F will be -4V, E will be =5V, etc. The outputs of the
comparators of comparator bank 30 will be as listed at the
bottom of the chart. That is. for Vin=3V, ComA through
ComF all equal 1, because the signals at the noninverting
inputs A-F are greater than those at the inverting inputs
F-A. Taps G and G will be equal, so the output comG will
be at the “trip” level represented by a T in the chart entry. A
slightly lower value of input voltage Vin will assure a value
of OV for output ComG.

As noted in relation to the discussion of FIG. 1, although
parallel ADCs provide the fastest conversion architecture of
any ADC, their speed is often limited by delays in the
ladder/comparator circuit and in the encoder. Various digital
design and layout techniques have been employed to mini-
mize delays within the encoder, but the ladder/comparator
circuit contributes a substantial delay to an ADC’s conver-
sion. This delay is related to the impedance presented by the
ladder/comparator circuit to an input analog signal. This
impedance is dominated by the resistance and distributed
capacitances of the ladder/comparator circuit.

Any isolated region of an integrated circuit having two
contacts may be used as a resistor. The resistance of such a
resistor depends upon the doping levels of the region and the
dimensions of the resistor. That is, the resistance of an
integrated circuit resistor is given by:

R=(Rs)(lAv)

Where:
Rs=square resistance, in Ohms

I=the length of the resistor

w=the width of the resistor

As noted above, Rs depends upon the doping level of the
region being employed as a resistor. The lengths and widths
of the resistors are also limited: at one extreme by the
surface area available upon the integrated circuit which
incorporates them and, at the other extreme, by the smallest
dimension of a resistor region that may be reliably repro-
duced. Suppose, for example, Rs=150 and the minimum
reliably reproducible resistor dimension, i.e., the minimum
width which permits acceptable matching of resistors, is 15
um. Given these values, a 1E®CQ resistor (where E® means
*105). for example, would require an area 100 centimeters
long by 15 microns wide, consuming a total of 0.15 square
centimeters. At the other extreme, the smallest resistor
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4

achievable within these confines would yield 150€2, and
occupy a 15 micron by 15 micron square. To obtain lower
values of resistance, two resistors would have to be con-
nected in parallel, i.e., two 15 micron by 15 micron resistors
connected in parallel would yield a 752 resistor.

The disadvantage of a single resistor that occupies 0.15
square centimeters is obvious; the disadvantages of connect-
ing resistors in paraliel to obtain lower resistance values at
the lower end of the resistance scale may be somewhat more
subtle. The area occupied by such a resistor is twice that
which would be occupied by a resistor formed of a “single
line” of resistor squares. Additionally, each integrated circuit
resistor has a distributed capacitance associated with it. The
value of this capacitance is proportional to the surface area
occupied by the resistor. Doubling the surface area required
to produce a resistor doubles the capacitance associated with
the resistor.

Additional capacitance, attributable to the metallization
used to interconnect the ladders’ resistors with the
comparators, also contributes a significant amount of capaci-
tance to the ladder/comparator circuit’s input impedance,
thereby limiting the conversion speed of an associated ADC.
Further speed-limiting capacitance is due to the compara-
tors’ input capacitance, e.g., the base/emitter and base/
collector capacitance of the comparators’ input stages.

Delays within the ladder/comparator circuit may be better
understood with reference to the circuit of FIG. SA. An input
signal Vin, the signal of the same name provided by con-
version circuit 26 of FIG. 3, is connected through a resistor
Rin to the “top” of resistor ladder LL1. The resistor Rin
represents the resistance between the ideal voltage source of
circuit 26 and the “top” of the ladder L1, i.e., tap A. The
series combination of resistors R1-R6 has three
capacitances, Cmet, Cres, and Ccom, shown in FIG. SA,
associated with each resistor in the ladder. These capaci-
tances are attributable to: the metallization required to
connect a ladder tap to a comparator and the resistors to one
another, the distributed capacitance of a resistor, and the
capacitance of a comparator input, respectively. The ladder
L1 would, for example, include six resistors (excluding Rin)
and twenty capacitances, i.e, Six capacitances associated
with the resistors R1-R6, seven with the metallization paths
from the ladder taps to the comparators, and seven with the
comparator inputs.

A simplified model of the ladder/comparator impedances
is iltustrated in FIG. SB. A basic assumption inherent in the
model is that the capacitances are approximately evenly
distributed. Consistent with this model, the input Vin is
connected to a cascade of low pass filters, the first formed by
the RC combination of Rin and ¥2(CresT+CcomT+CmetT),
where CresT, CcomT, CmetT are the total capacitances
attributable to all the resistors, all the comparator inputs, and
all the metallization, respectively. This filter is folowed by
another, consisting of the RC combination of Rtot and
A(CresT+CcomT+CmetT), where Rtot is the total resistance
of the ladder.

The delay attributable to a ladder/comparator bank com-
bination may be thought of in terms of the RC filters’ settling
time. As an example, assume an ADC must provide eight
bits of accuracy with no more than 10 nsec delay attributable
to the ladder/comparator combination. Eight bits of accuracy
is equivalent to one part in 256, or 0.0039. Allowing a ten
percent margin, the goal, then, is to have the RC circuit settle
to within 0.35% of its final value within 10 nsec. The voltage
across the filter capacitor, Vcap, is given by the expression:

Veap=Vin (1—*%%)
where:
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Vin=voltage at the input of the low pass filter
t=time in seconds
R=resistance in Ohms of the low pass filter

C=capacitance in Farads of the low pass filter

The above requirement, that the RC circuit settle to within
0.35% of its final value within 10 nsec, is equivalent to
requiring that ¢ ¥®=(0.0035 when tZ 10 nsec., or that t=5.65
RC. In this case, t is prescribed to be 10 nsec. Assuming that
the value of each resistor in the ladder, and the values of
capacitance attributable to each resistor, to the metal inter-
connect for each resistor, and to each comparator input are
as follows:

Cres=120E'*
Ccom=120E"1*
Cmet=350E1%
R=150£2

and that, in a first order analysis, the contribution of the input
resistor, Rin, may be neglected. The value of RC is given by
the following expression:

RC =
= 29E£7°

(150)(256) [(256)(120 E-1¢ + 120 E-1& 4+ 350 E-1By|172

this yields a settling time, t, of:
(29 E2)(5.65)=16.4 nsec.

That is, the circuit is too slow by nearly a factor of two.

A useful figure of merit for ADCs is the maximum
frequency sinewave signal that may be converted with 1
LSB accuracy. A development of this figure is presented in
Analog to digital conversion Handbook, Daniel H. Shein-
gold Ed., Prentice Hall, Englewood Cliffs, N.J., 1986 pages
22-23. For a given delay, T, between conversions, and bits
of resolution n, the maximum sinewave frequency, fmax is
given by the expression:

fmax=2"/TR

where:
fmax=maximum sinewave frequency
n=resolution of converter, in number of bits

T=time between conversions, in seconds

Using the 16.4 nsec. derived above for the ladder’s
settling time and adding 5 msec. to account for additional
converter delays, such as those attributable to an ADC’s
encoder, yvields a minimum time between conversions, T. of
approximately 22 nsec. for an ADC employing the ladder/
comparator bank of this example. The maximum conversion
frequency would therefore be:

fimax = 2Y22FEn
= 56.52khz

Another figure of merit that may be employed quite
naturally in conjunction with the above lowpass filter model
is the filter’s bandwidth:

BW=mRC

Given the above RC time constant, the filter’s bandwidth is
54.9 MHZ. One must keep in mind that the above expression
is for a 3 dB bandwidth. That is, the amplitude of a 54.9
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MHZ. signal would be reduced to approximately 70% of its
input value at the input to the comparators. Clearly, this is
unacceptable in many ADC applications. Nevertheless,
keeping this caveat in mind, bandwidth is a useful and
widely used figure of merit which permits ready compari-
sons among ADCs.

The conversion speeds of ADCs are therefore limited. in
part, by the capacitance associated with distributed resistors,
by the capacitance associated with the metallization used to
interconnect resistor ladders and comparator banks, and with
the capacitance associated with comparator inputs. Resis-
tances associated with the ladder drivers and the ladder
resistances combine with these capacitances to. in a sense,
lowpass filter analog signals presented to the ADCs for
conversion. This unfortunate lowpass filtering limits the
conversion speed of ADCs and, correspondingly, the type of
signals, e.g.. audio, video, radar, lidar, etc.., that may be
converted using a given ADC.

SUMMARY OF THE INVENTION

The invention is directed to a ladder/comparator circuit
having reduced input impedance in comparison to conven-
tional ladder/comparator circuits. This reduction of input
impedance increases an associated converter’s conversion
speed.

An ADC which incorporates the new ladder/comparator
circuit reduces the impedance presented to an input signal by
reducing the output impedance of the resistor ladder driver,
by reducing the capacitance associated with the metalliza-
tion used to interconnect the resistor ladder and comparator
bank and, by interconnecting the ladder taps and comparator
inputs in a novel way, and by reducing the “effective
capacitance” of the ladder/comparator bank.

In one embodiment, a differential ladder pair is connected
to a bank of comparators to provide, basically, a “thermom-
eter” output. The rungs of the differential ladders are formed
of resistors, each resistor having twice the resistance that a
resistor within a single-valued ladder of the same resolution
would have but, with each ladder including half as many
resistors, the total ladder resistance is the same. Additionally,
a higher proportion of the comparator inputs are connected
to lower-order ladder taps, and a lower proportion of com-
parators are connected to higher-order ladder taps than in
conventional dual differential ladders. This reduces the
effective capacitance of the ladder, thus permitting higher-
speed operation. In the preferred embodiment an encoder
encodes the thermometer output from the comparators as a
binary value corresponding to the analog input voltage. Each
ladder has an associated current source connected to deter-
mine the amount of current drawn through and. therefore,
the voltage across the ladder resistors.

The differential ladder pair also includes drivers which
supply the ladders with a fixed current and which superpose
the analog input voltage upon the ladders. In one
embodiment. these drivers comprise bipolar transistors coi-
nected in an emitter follower configuration with the emitters
connected to a supplemental current source which reduces

the drivers’ output impedance.

The new differential ladder pair may be employed by any
parallel ADC, including flash converters, subranging
converters, etc. and may incorporate further impedance
reduction.

These and other features, aspects and advantages of the
invention will be apparent to those skilled in the art from the
following detailed description, taken together with the

accompanying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram illustrating the architecture of
a conventional flash analog-to-digital converter.

FIG. 2 is a block diagram illustrating the architecture of s

a conventional subranging ADC.

FIG. 3 is a circuit diagram which illustrates the operation
of a conventional differential ladder/comparator bank that
may be employed by an ADC.

FIG. 4 is a chart which illustrates the voltages at the

various resistor ladder taps of FIG. 3 and the output state of
the related comparators for given values of voltage appear-
ing at the input to the differential ladder.

FIG. SA is a model of the impedances associated with
various components of the conventional resistor ladder/

comparator bank of FIG. 3.

FIG. 5B is a simplified impedance model of the resistor
ladder/comparator bank of FIG. 3.

FIG. 6 is a schematic diagram of the novel differential
resistor ladder which illustrates the interconnection of ladder
taps and comparator inputs.

FIG. 7 is a chart which illustrates the voltages at the
various resistor ladder taps of FIG. 6 and the output state of

the related comparators for given values of voltage appear-
ing at the input to the differential ladder.

FIG. 8 is a simplified impedance model of the resistor
ladder/comparator bank of FIG. 6.

FIG. 9 is a block diagram of an ADC which incorporates
the novel ladder/comparator circuit.

FIG. 10 is a block diagram of a signal processing system
which includes an ADC based on the novel ladder/
comparator circuit.

DETAILED DESCRIPTION OF THE
INVENTION

The schematic diagram of FIG. 6 illustrate the new
resistor ladder/comparator circuit. An input signal Vin is
received by a conversion circuit 34 that converts the signal
from single-ended to differential form, providing signals Vin
and Vin. These signals are connected to drive the bases of
npn transistors Q1 and Q2, respectively. Transistors Q1 and
Q2 are connected as emitter followers, having their collec-
tors connected to a positive supply voltage V' and their
emitters connected, through current sources Iel and Ie2,
respectively, to a negative supply voltage V™. Transistors Q1
and Q2 operate as ladder drivers, providing low output
impedance drive capability to resistor ladders L3 and L4,
respectively.

As discussed in greater detail below, current sources Iel
and Ie2 reduce the output impedances of the transistors Q1
and Q2, thereby increasing the speed with which ladders L3
and 14 may be driven. The resistor ladders L3 and 14
include series connected resistors R14-R16 and R17-R19,
respectively. The resistor ladders L3 and L4 are double-
valued resistor ladders. That is, each resistor R14-R19 has
twice the resistance of a similar (i.e., having the same
resolution. the same input range, and same value of ladder
current source) prior art single-valued ladder, such as that of
FIG. 3, would have. Additionally, the number of ladder
resistors is reduced to ¥aN, where N=the number of resistors
within a single-valued ladder. Current sources I3 and I4
provide a fixed voltage drop across the ladders L3 and LA,
respectively. The ladder taps 38—44 and 46-52 for ladders
L3 and L4 respectively, are connected, as indicated, to
comparator inputs having the same labels within comparator
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bank 36. i.e., the lowest order tap of ladder L3, tap 38 is
connected to inputs H, I, J and K. of the comparator bank 36,
the second-lowest order tap of L3, tap 40. is connected to
input L of the comparator bank 36, etc.

Since the total resistance in each ladder 1.3 and L4 equals
the total resistance in each ladder L1 and L2, to provide the
same input voltage range as the single-valued ladders of
FIG. 3. the current sources I3 and I4 would need the same
value as the current sources I1 and 12. Additionally. as will
be discussed in relation to FIG. 7, the ladders 1.3 and L. 4. in
combination with the comparator bank 36, provide the same
resolution as a single-valued ladder/comparator circuit.

Returning now to the operation of current sources Iel and
Ie2; the emitter resistance of an npn transistor such as Q1 or
Q2 is given by the expression:

Re=(kT/q)/(Ic)

where:

Ic=the transistor’s collector current

k=Boltzman’s constant

T=Kelvin temperature

q=charge of an electron

At room temperature (KT/q) is approximately equal to
25.3 mV. Additionally, in this circuit the transistors’ base
current is negligible, so that the collector current Ic approxi-
mately equals the emitter current. As discussed in relation to
FIG. 3. the current through conventional resistor ladder
drivers is determined by a current source which pulls current
through the ladder and thereby fixes the total voltage drop
across the ladder and the voltage drops for each rung of the
ladder. Similarly, current sources I3 and I4 determine the
total voltage drop across ladders L3 and 1.4 and the voltage
drops for each rung of the ladder. However, in the new
ladder circuit, the current drawn through the ladder drivers
(Q1 and Q2 in this embodiment) is the combination of the
ladder current source and the emitter current source Iel for
Q1 and Ie2 for Q2. The emitter current sources Iel and Ie2
therefore reduce the output impedances of the ladder drivers.
For example, with typical values of 100 pA and 400 pA for
the ladder current sources I3 and 14 and emitter current
sources Iel and Ie2, respectively, the ladder driver output
impedance Re drops from approximately 2502 without the
emitter current source to 50f2 when the emitter current
source is added. Because the emitter current sources Iel and
Ie2 do not flow through the resistor ladders, they have no
effect upon the resolution or input voltage range of an ADC
which employs them.

The bank of comparators 36, comprising comparators
C8-C14, provides a “thermometer” output as described in
relation to FIG. 2. That is, the output ComN from compara-
tor C14 is responsive to the lowest level of analog input
signal that will produce a change in the digital output, while
that from comparator C8, ComH, is the highest order output.
Outputs ComM-Coml from comparators C13-C9.
respectively, form intermediate level outputs in increasing
order of digital value.

The operation of the differential ladder/comparator circuit
of FIG. 6 will now be explained in greater detail, with
reference to the chart of FIG. 7. It is assumed that each rung
of the ladders L1 and L2 has a voltage drop of 2V (e.g., 2
kohm resistor and 1mA current source), yielding a total drop
across each ladder of 6V and a combined ladder resolution
of 1V. The voltages, -9V through 3V, listed along the
left-hand side of the chart represent voltages which the
ladder taps of ladders L3 and 1.4 may assume. To the right
of this column of voltages appear seven double-width col-



5,706,008

9

umns representing the voltages at all the various ladder taps
for each value of input voltage, i.e., Vin=3V through Vin=
—3V. The value of Vin appears at the bottom of each column.
Above each double-width column is a single column con-
taining the digital values of the comparator outputs ComH-
—ComN for each value of input voltage.

For purposes of this discussion, the outputs of the con-
version circuit 34 are assumed to be ideal voltage sources
which drive the ladders L3 and L4, and that current sources
I1 and I2 are ideal current sources. That is, the output
impedances of the transistors Q1 and Q2 will be ignored for
now. With these assumptions in mind, whatever signal
voltage is presented to the input of the conversion circuit 34
is impressed upon the lowest order tap 38 (connected to
comparator bank inputs H 1J and K) and the voltage of the
entire ladder L3 is shifted downward by a like amount.
Similarly, the input to the circuit 34 is inverted and
impressed upon the lowest order tap 46(connected to inputs
K. L. M and N) of ladder L4 and the voltage of ladder 1.4
is shifted downward by that amount. Given a value of 3V for
Vin, for example. ladder tap 38 will have a value of 3V,
while taps 40-44 will have values of 1V, -1V, and -3V,
respectively. Similarly, ladder taps 46-52 will have values of
_3V, =5V, =7V, and -9V, respectively. The outputs of the
comparator bank 36 will be as listed. That 1s, for Vin=3V,
ComM through ComH all equal 1, because the signals at the
poninverting inputs H-N are greater than those at the
inverting inputs I-M. Taps 46 and 44 (connected to inputs
N and N) will be equal. so the output ComN will be at the
“trip” level represented by a T in the chart entry. A slightly
lower value of input voltage Vin will assure a value of OV
for output ComN.

Comparing the input and output values of this chart with
those of the chart of FIG. 4 will confirm that, although the
ladder resistance values are different and the connections
between ladder taps and comparators are substantially
different, identical input values to the differential ladders
yield identical comparator outputs. As noted above, a major
advantage of the new ladder/comparator circuit is the
reduction, compared to that of conventional ladder/
comparator circuits, of the impedance presented to an input
signal.

There are a number of effects that contribute to this
impedance reduction. The area occupied by the ladder
resistors may, in some circumstances, be reduced by 75%.
Suppose, for example, that a conventional ladder of 2N
rungs is made up of 4N resistors, with each rung formed by
two resistors connected in parallel. The available sheet
resistance and the resolution of an associated ADC may
require the use of two resistors connected in parallel to
provide sufficiently low-level resistance for each rung. A
comparable new ladder would require half the number of
rungs, with each rung made of only one resistor. i.e., to
provide twice the resistance for each rung one of the
parallel-connected resistors would be eliminated. The total
area devoted to ladder resistors would be only 25% of the
area required for a single-valued resistor ladder.
Consequently, the capacitance associated with the ladder
resistors would also be reduced to 25% of that for a
single-valued ladder. Similarly, due to the simpler intercon-
nection of ladders and comparators within the new ladder/
comparator bank combination, the capacitance associated
with the metal interconnection is also reduced. As previ-
ously explained, the driver, or emitier, current SOurces Iel
and Ie2 reduce the output resistances of the ladder drivers.
Finally, by connecting the inputs of higher order compara-
tors to lower order ladder taps, the effective impedance
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(which will be discussed in relation to FIG. 8) of the
ladder/comparator is reduced even further.

These impedance reductions and their advantages may be
better understood in relation to the lowpass filter model of
FIG. 8. An input signal Vin is introduced, through a resistor
Re, to a lowpass RC filter representing the impedances of a
ladder such as L3 or L4. The resistor Re represents the
emitter resistance of a bipolar transistor. such as Q1 or Q2
of FIG. 6, employed as a ladder driver. A resistor Rtot, which
represents the total resistance of a new resistor ladder such
as ladder L3 or L4 of FIG. 6. is connected in series with Re.
Capacitors C2, C4 and C6 are connected in parallel from the
junction of the resistors Re and Rtot, ie.. the lower-order
side of the resistor Rtot (representing the half of resistor
ladder taps most directly connected to the ladder drivers) to
ground. Capacitors C8, C1¢ and C12 are connected between
the higher-order side of the resistor Rtot and ground.

In a first order analysis. the contribution of Re will be
ignored. Capacitors C2, C4 and C6 represent the portion of
total distributed metallization CmetT, comparator input
CcomT, and resistor CresT, capacitance, respectively, con-
nected to the lower order side of the resistor Rtot. Capacitors
C8. C10, and C12 represent the portion of total distributed
metallization CmetT, comparator input CcomT, and resistor
CresT, capacitance, respectively, connected to the higher
order side of the resistor Rtot. As a result of the novel
interconnection illustrated in FIG. 6 approximately 75% of
the metallization capacitance CmetT is distributed on the
lower order side of the resistor Rtot. This is in contrast {0
50% using conventional interconnection schemes, as dis-
cussed in relation to FIG. §B. |

Similarly, approximately 75% of the comparator input
capacitance CcomT is distributed on the lower-order side of
the resistor Rtot, in contrast to 50% of CcomT on the lower
order side of the resistor Rtot when a conventional inter-
connection scheme is employed. As with conventional inter-
connection schemes, half the resistor capacitance is distrib-
uted on the lower-order side of the resistor Rtot. The
remaining capacitance, 25% of CmetT. 25% of CcomT and
50% of CresT. is distributed on the higher order side of Rtot.

Still neglecting, for now, the effect of Re, an approxima-
tion of comversion speed may be obtained for the new
ladder/comparator circuit using the same lowpass RC filter
model as in the analysis of conventional ladders in relation
to FIG. 5B. Suppose, once again, that it is desired to have the
input voltage to the comparator bank settle to within 1 bit in
an 8-bit converter within 10 nsec. Assuming that CresT is
half that of a conventional ladder, that CcomT remains the
same, and that CmetT is reduced by two-thirds, the expres-
sion for RC becomes:

RC = (300%128) [(.5X.5)120 E-18)(128)+ (.25X120 E-1#)(256) +

(.25)(33)(350 E-1%)256))
7257 E-12

which yields a settling time t of:
(725.7E"1%) (5.65)=4.1E,

which is substantially better than the targeted 10 nsec
settling time. Thus, the novel interconnection of differential
resistor ladder taps and comparator inputs reduces the effec-
tive impedance, i.e., the impedance presented to an incom-
ing analog signal.

Assuming. as with the conventional circuit example
related to the discussion of FIG. 5B, that additional delays,
such as those due to an ADC’s encoder, introduce another 5
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nsec. of delay, then the minimum time between conversions
would be 9.1 nsec. and the maximum frequency sinewave
that an eight-bit ADC could convert with one-bit accuracy
would be:

27/
137 KHz

fmax

The 3 dB bandwidth would be:

BW=amRC
=219 MHZ

Further improvements in conversion speed may be
obtained through the reduction of Re which, up to this point
in the example, has been ignored. (Given a typical ladder
current of 100 pA, Re is approximately 2502 at room
temperature. This is substantially less than the total ladder
resistance(25 k€2 in this example); nevertheless, this addi-
tional resistance does increase the ladder’s settling time. The
emitter current sources of the novel ladder/comparator cir-
cuit can reduce Re substantially. As described in relation to
FIG. 6, an additional 400 pA of collector current through the
ladder drivers reduces Re from 250 to 50Q.

An ADC 356 which employs the novel ladder/comparator
is illustrated in FIG. 9. An analog signal is connected to the
analog input 58 and is converted from a single ended to
differential signal by conversion circuit 60. Differential
signals, such as Vin and Vin, discussed previously, are
connected to the new ladder/comparator circuit 62, which
may optionally include the Re reduction curren{ sources
discussed in relation to FIG. 6. The ladder/comparator
circuit 62 provides Q thermometer outputs 64, where Q is
the number of levels resolvable by the ADC 56, i.e., Q=2"
where n=the number of bits of the ADC. Digital section 66
includes an encoder which encodes the thermometer output
of the ladder/comparator circuit into § outputs 68. The ADC
56 may employ any architecture that includes a parallel
ADC, such as flash. subranging, etc.

A signal processing system 70 illustrated in FIG. 10
includes an ADC 72 that employs the novel ladder/
comparator circuit. An analog signal is accepted at an analog
input 74 and converted by the ADC 72 into a digital code
present at the output(s) 76. The output(s) 76 could be a serial
or parallel interface to a processor 78. After receiving the
digital converted signal from the ADC 72, the processor 78
may manipulate the signal received at input 74 to analyze,
identify or compress it. The signal processing system may
also include a storage system 80 or transmission system 82
connected to the processor 78. The storage system 80 may
be a compact disk storage system, digital audio tape system.,
or other type. The transmission system 82 may be a broad-
cast system or a local or other type of network employing
any of a variety of media, such as RF, optical waveguides,
etc. to transmit the digital signals converted from analog
signals by the ADC 72.

The forgoing description of specific embodiments of the
invention has been presented for the purposes of illustration
and description. It is not intended to be exhaustive or to limit
the invention to the precise forms disclosed, and many
modifications and variations are possible in light of the
above teachings. For example, the ladder drivers could be
implemented as pnp transistors or field effect transistors. The
impedance improvements will vary, depending upon specific
integrated circuit layouts, process variations and other fac-
tors such as square resistance and the minimum desired
resistance value within a resistor ladder. The reduction of
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circuit area attributable to reduced resistor area and reduced
interconnection area may permit the inclusion of more
circuitry within one integrated circuit, thereby allowing the
inclusion of one or more additional bits of resolution or,
alternatively, the reduced circuit size will result in higher
yields in integrated circuit manufacture. Connection of the
inverting and noninverting inputs of the comparators could
be reversed from that shown, yielding a “positive-going”
thermometer output rather than the negative-going ther-
mometer output illustrated.

The embodiments were chosen and described in order to
best explain the principles of the invention and its practical

application, to thereby enable others skilled in the art to best
utilize the invention. It is intended that the scope of the
invention be limited only by the claims appended hereto.
We claim:
1. A differential ladder/comparator circuit, comprising:

a differential resistor ladder pair having N resistors and
higher-order and lower-order taps on each ladder, and

ZN+1 comparators with respective inverting and non-
inverting inputs, with at least N+1 of said comparators
having their inverting inputs connected to the lower
order taps of one of the differential ladders, and the
same number of said comparators. including all of the
remaining comparators and at least one of said first
N+1 comparators, having their non-inverting inputs
connected to the same lower order taps of the other
differential ladder.

2. The differential ladder/comparator circuit of claim 1,
wherein N+1 of said comparators have their inverting inputs
connected to the lowest order tap of one of the differential
ladders and N+1 of said comparators. including all of the
remaining comparators and one of said first N+1
comparators, have their non-inverting inputs connected to
the lowest order tap of the other differential ladder.

3. The differential ladder/comparator circuit of claim 1,
further comprising differential ladder drivers having driver
current sources connected to reduce the output impedance of
said drivers.

4. An analog to digital converter, comprising:

a differential resistor ladder pair having N resistors and

higher-order and lower-order taps on each ladder,

2N+1 comparators with respective inverting and non-
inverting inputs, with N+1 of said comparators having
their inverting inputs connected to the lowest order tap
of one of the differential ladders, and N+1 of said
comparators, including all of the remaining compara-
tors and one of said first N+1 comparators, having their
non-inverting inputs connected to the lowest order tap
of the other differential ladder, said comparators pro-
viding thermometer scale outputs,

respective current sources connected to each ladder to
establish a current through each ladder, and

a pair of differential drivers connected to receive an
analog signal and to establish respective voltage offsets
for the ladders in said pair which correspond to said
analog signal.

5. The analog to digital converter of claim 4, further
comprising driver current sources connected to reduce the
output impedance of said drivers.

6. The analog to digital converter of claim S, further
comprising an encoder connected to receive the thermom-
eter scale outputs from said comparators and to produce
digital-encoded outputs reflective of said thermometer scale
output,

7. A 1/(2N+2) resolution analog-to-digital converter, com-
prising:
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a differential resistor ladder pair having N resistors and
higher-order and lower-order taps on each ladder,

2N+1 comparators with respective inverting and non-
inverting inputs, with at least N+1 of said comparators
having their inverting inputs connected to the lower-
order taps of one of the differential ladders, and the
same number of said comparators, including all of the
remaining comparators and at least one of said first
N+1 comparators, having their non-inverting inputs
connected to the same lower-order taps of the other
differential ladder, said comparators providing ther-
mometer scale outputs,

respective current sources connected to each ladder to
establish a current through each ladder,

a pair of differential drivers connected to receive an
analog signal and to establish respective voltage offscts
for the ladders in said pair which correspond to said

analog signal, and

an encoder connected to receive the thermometer scale
outputs from said comparators and to produce digital-
encoded outputs reflective of said thermometer scale
output.

8. The analog to digital converter of claim 7, wherein N+1
of said comparators have their inverting inputs connected to
the lowest order tap of one of the differential ladders and
N+1 of said comparators, including all of the remaining
comparators and one of said first N+1 comparators, have
their non-inverting inputs connected to the lowest order tap
of the other differential ladder.

9. The analog to digital converter of claim 8, further
comprising driver current sources connected to reduce the
output impedance of said drivers.

10. The analog-to-digital converter of claim 8, wherein
said drivers comprise bipolar transistors connected as emit-
ter followers that supply a predetermined current to a
corresponding resistor ladder, said predetermined current
fixed by said current source, said drivers further superposing
a voltage corresponding to said analog input voltage upon
said resistor ladders.

11. The analog-to-digital converter of claim 7, wherein
said analog-to-digital converter is a flash converter.

12. The analog-to-digital converter of claim 7, wherein
said analog-to-digital converter is a subranging converter.

13. A signal processing system, comprising:

an analog to digital converter including a differential
resistor ladder pair having N resistors and higher-order
and lower-order taps on each ladder,

2N+1 comparators with respective inverting and non-
inverting inputs, with at least N+1 of said comparators
having their inverting inputs connected to the lower-
order taps of one of the differential ladders, and the
same number of said comparators, including all of the
remaining comparators and at least one of said first
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N+1 comparators, having their non-inverting inputs
connected to the same lower-order taps of the other
differential ladder, said comparators providing ther-
mometer scale outputs,

respective current sources connected to each ladder to
establish a current through each ladder,

a pair of differential drivers connected to receive an
analog signal and to establish respective voltage offsets
for the ladders in said pair which correspond to said
analog signal,

an encoder connected to receive the thermometer scale
outputs from said comparators and to produce digital-
encoded outputs reflective of said thermometer scale
output, and

a processor connected to receive and process said digital

signals.

14. The signal processing system of claim 13, further
comprising a storage system connected to receive said
digital signal from said processor.

15. The signal processing system of claim 13. further
comprising a transmission system connected to receive said
digital signal from said processor and to transmit said digital
signal.

16. A differential ladder/comparator circuit, comprising:

2N+1 comparators having respective inverting and non-

inverting inputs; and

a differential resistor ladder pair having less than 2N

resistors connected in series between higher-order and
lower-order taps on each ladder, a plurality of said
comparators having their inverting inputs connected to
the same lower-order tap of one of the differential
ladders, and the same number of other said comparators
having their non-inverting inputs connected to the same
lower-order tap of the other differential ladder.

17. The differential ladder/comparator circuit of claim 16,
wherein there are at most N resistors in each said ladder, at
least N+1 of said comparators having their inverting inputs
connected to the lower-order taps of one of the differential
ladders, and the same number of said comparators, including
all of the remaining comparators and at least one of said first
N+1 comparators, having their non-inverting inputs con-
nected to the same lower-order taps of the other differential

ladder.

18. The differential ladder/comparator circuit of claim 16,
wherein each ladder includes N resistors, N+1 of said
comparators having their inverting inputs connected to the
lowest order tap of one of the differential ladders, and N+1
of said comparators, including all of the remaining com-
parators and one of said first N+1 comparators, having their
non-inverting inputs connected to the lowest order tap of the
other differential ladder.

* * k¥ *
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